Folin Ciocalteu (F-C) assay is the most widely used and convenient method to determine the total phenolics content in foods, herbs, and other plant extracts. Different phenolics standards such as gallic acid, ferulic acid, chlorogenic acid, catechol, and vanillic acid have been used for calibration curves in this assay method. Comparison of these standards, in single or combination of two or more, for more accurate determination of phenolics has not been reported so far. This study tested five single phenolics and seven combinations of mixed phenolic standards to evaluate the optimal standards for F-C method. The different standards were tested to calculate the phenolic content in three known test solutions. We also evaluated interference effect of various compounds in phenolics estimation by F-C method that is usually present in the lignocellulosic biomass-derived sugar solution, and in food products along with phenolics. Finally, the optimal standards with five phenolics were used for the determination of phenolics in alkali pretreated biomass extract. The results indicated that gallic acid was the best standard among the single phenolic compounds and five phenolic compounds solution was the best standard among the mixed phenolic solutions. The presence of glucose, HMF, furfural, and vitamin-B12 did not interfere in phenolic determination; whereas ascorbic acid, tyrosine, formic acid, and acetic acid strongly interfered the results. The results also showed that biomass pelleting process did not affect the generation of phenolics in alkali pretreatment extract.
Introduction
Phenolic compounds are found as secondary metabolites in all plants [1] [2] .
Plants use these compounds for lignin and pigment biosynthesis, protection against invading organisms (herbivores, nematodes, phytophagous insects, fungal and bacterial pathogens), growth, reproduction, and for many other important functions [3] [4] . Phenolic compounds are important constituents of human diet due to their wide range of physiological properties, such as anti-allergenic, anti-artherogenic, anti-inflammatory, anti-microbial, antioxidant, anti-thrombotic, cardioprotective, and vasodilatory effects [5] . Chemically, phenolic compounds contain an aromatic ring with one or more hydroxyl substituents, and the structural diversity ranges from simple phenolic molecules to complex polymerized compounds [6] . Lignin of lignocellulosic biomass is an example of complex phenolic polymers.
Lignocellulosic biomass is a promising feedstock for biofuels and biochemicals production because of its low cost and easy availability compared with current sugar and starchy feedstocks [7] . Basically, there are four major steps for bioconversion of lignocellulosic feedstocks to biofuels and biochemicals. The biomass is first pretreated using physical, chemical, and/or biological methods to deconstruct outer lignin layer and release carbohydrate polymers (cellulose and hemicellulose) from lignin-cellulose-hemicellose complex. The carbohydrate polymers are then enzymatically hydrolyzed to monomer sugars which are then converted to desired fuels and chemicals by aerobic and/or anaerobic fermentation. The final step is the recovery of product from the fermentation broth [8] .
Each step of this biomass conversion processes is associated with several challenges; among them, the pretreatment is the central unit operation that affects the efficiency of all subsequent bioconversion processes [9] . In addition, a distinct variation in composition and structure of lignin polymer is evident among different types of biomass feedstocks [10] . This leads to the requirement of separate optimization of pretreatment process for each type of biomass [11] [12] .
Fundamental understating of the fate of lignin polymer during pretreatment process is vital to develop an appropriate pretreatment method for each type of feedstock. Determination and identification of biomass lignin-derived phenolic compounds in the pretreated extract provide the key information to elucidate the mechanism of delignification during pretreatment process [10] [11] . In addition, phenolic determination is important for indirect assessment of antioxidant activities of diet [13] .
Various spectroscopic and chromatographic methods are used for determining total phenolic compounds (TPC) in plant samples. Chromatographic techniques include gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS), high-pressure liquid chromatography (HPLC), and liquid chromatography-mass spectrometry (LC-MS) [14] . Various spectroscopic techniques used to determine TPC are Fourier Transform Infrared (FT-IR) spectroscopy, Raman spectroscopy, and Folin-Ciocalteu (F-C) assay using UV-VIS spectroscopy [15] [16] . TPC is also indirectly measured in terms of antioxidant activity (AOA) of an extract as results have shown that there is a direct correlation of AOA and TPC content [17] . AOA is measured using different spectroscopic techniques such as Diphenyl-2-picryl-hydrazyl (DPPH) assay, chemiluminescence assay, Trolox equivalent antioxidant capacity, Ferric reducing-antioxidant power (FRAP) assay, and Electron spin resonance (ESPR) [18] . Chromatographic instruments are versatile tools to identify and quantify individual phenolic compounds of an extract, which are not possible by spectroscopic methods [18] . However, phenolic determination by chromatographic methods is expensive, requires considerable time for sample preparation and method development, and requires highly trained technicians. Derivatization of phenolics to volatile compounds required for GC and GC-MS analysis further makes the process more cumbersome. HPLC technique requires many standards to identify the phenolic compounds peaks in the chromatogram of test sample [19] . FT-IR and Raman Spectroscopy require chemometrics for data analysis and interpretation [20] . F-C assay using UV-VIS is the simplest and economic technique for the measurement of phenolics [21] . In F-C method, the phenolics are reacted with F-C reagents and the reduced blue color metal complex solution is measured using UV-VIS at specified wavelength. The standard F-C procedure involved the preparation of all test solutions and reagents in water or polar organic solvents, and therefore, the method can only determine hydphilic phenolics of a sample. Kadriye et al. [22] developed a modified F-C method for the measurement of both hydrophilic and lipophilic antioxidants. In this modified method, test and standard solution were prepared in acetone, and F-C reagent diluted with isobutanol containing 0.1 M NaOH was used.
F-C assay is associated with some limitations. Many chemically similar compounds interfere with the test results. The selection of standards for calibration is critical because the reduction of F-C reagent by the standard and the phenolics in sample are comparable only if they are chemically very close [23] . Different standards such as gallic acid, ferulic acid, chlorogenic acid, vanillic acid, and catechol are being used by researchers, which generate different calibration curves and results in different numeric values of phenolics content of the same test sample [24] . Gallic acid has been widely used as an equivalent chemical in F-C method in determining total phenolics of various plant materials such as fruits, vegetables, and biomass extract [25] . Catechol, chlorogenic acid, ferulic acid, and catechin are other commonly used standards [26] . Probable reasons why most published articles used gallic acid as the most common equivalent chemical standard in FC method are: trend to follow what the literature used, high water soluble, stable in dry form, and being inexpensive. In this study, several individual phenolics and mixed phenolic standards were compared for their accuracy in determining the total phenolics content in test solutions. Therefore, a comparative evaluation of calibration curves using different standards is warranted to select the optimal standards for more accurate determination of phenolics. Luthria et al. [27] have also suggested multiple phenolic phytochemicals for the robust validation assay for accurate determination of antioxidant activity in various matrixes. They studied the stability and interaction effect of a five-compound phenolic mixture (caffeic acid, morin hydrate, hesperetin, catechin hydrate, and epigallocatechin gallate) assay using HPLC, and suggested that the assay can be used as a potential reference material for the accurate evaluation of TPC content and antioxidant capacity. However, to date, no work has been published on the evaluation of variable phenolic mixtures as the standards for the TPC determination by Folin Ciocalteu method.
Carlos et al. [28] compared antioxidant capacity (AOC) of mixed and individual phenolics and observed significant synergistic interaction among the mixed phenolics. Similarly, it is hypothesized that in the F-C method, the UV-VIS absorption of mixed phenolics and single phenolics of same concentration would be different. The use of mixed phenolic standards instead of single phenolic standard, therefore, may result in more accurate phenolic measurement in extract containing multiple phenolic compounds.
In this study, different single phenolics and mixed phenolics (containing 2 to 11 phenolic compounds) standards were evaluated to determine the optimum calibration curves to measure the concentration of different known phenolic test solutions. These optimal calibration curves were further evaluated to measure phenolics content in a test sample containing six different phenolic compounds.
The test sample was also used for the study of different interfering compounds.
A wide range of compounds interfere in the determination of TPC by F-C method, and the types and level of interferents present depend on the extract natural source [29] . The selection of interfering compounds used in this study was based on the interferents present in the extract of alkali-pretreated lignocellulosic biomass, and various vitamins and amino acids present in food and feed samples along with phenolics. Some of these compounds include glucose, xylose, 5-hydroxyl methyl furfural (HMF), furfural, acetic acid, formic acid, water soluble vitamins (ascorbic acid and vitamin B12), proteins, and amino acids, in addition to phenolics from lignin degradation [10] [30] . To date, many of these compounds have not been evaluated for reactivity towards F-C reagents. Finally, the calibration curve of 5 phenolic compound standard was used to measure phenolics in alkali pretreated biomass extract.
Materials and Methods
All the chemicals used were of analytical grade and purchased either from Fisher 
Preparation of Standard and Test Solutions of Phenolics
A series of phenolic standards solutions consisting of 1 to 11 phenolic compounds with concentrations ranging from 0.1 to 1 mg/mL were prepared. Vanillic acid, catechol, gallic acid, chlorogenic acid, and ferulic acid were selected for Figure 1 . Structures of phenolic compounds and interfering compounds used in the experiments single phenolic standards. The mixed phenolic standards were prepared by mixing an equal amount of different phenolic compounds, and designated as X n where n = 2, 3, 4, 5, 7, 9, 11; number indicates the number of phenolic components present in the standard solution. These standards were as follow: X 2 = 2 phenolics (vanillic acid + catechol); X 3 = 3 phenolics (X 2 + gallic acid); X 4 = 4 phenolics (X 3 + guaiacol); X 5 = 5 phenolics (X 4 + vanillin); X 7 = 7 phenolics (gallic acid + vanillin + catechol + syringic acid + coumaric acid + sinapic acid + caffeic acid); X 9 = 9 phenolics (X 7 + Sinapyl alcohol +vanillic acid); X 11 = 11 phenolics (X 9 + 4-hydroxy benzoic acid + salicylic acid).
Preparation of Test Solutions of Phenolics
A series of test solutions consisting of different phenolic compounds in equal amounts with the following compositions were prepared:
Test solution 1 (TS1) = Vanillin, vanillic acid, catechol, and guaiacol; Test solution 2 (TS2) = Gallic acid, guaiacol, and vanillic acid;
Test solution 3 (TS3) = Catechol, gallic acid, vanillin, and guaiacol.
Each test solution was prepared with two different total phenolics concentrations of 0.5 and 0.25 mg/mL.
Interference Testing
The interference effect of various compounds in the measurement of phenolic solution by the F-C method was tested against a test solution containing six different phenolic compounds. A series of interfering compound solutions of the following concentration were prepared: glucose (40 mg/mL), xylose (20 mg/mL), acetic acid (3 mg/mL), HMF (0.5 mg/mL), furfural (0.1 mg/mL), formic acid (0.5 mg/mL), ascorbic acid (1 mg/mL), vitamin B12 (1 mg/mL), trypton (1 mg/mL), and tyrosine (1 mg/mL). The aforementioned concentrations of glucose, xylose, acetic acid, HMF, furfural, and formic acid were selected to mimic the concentrations found in sugar solution after enzymatic hydrolysis of alkali pretreatment biomass [31] . Other interferents are usually present, along with phenolics, in various food and feed products, and their concentrations were selected arbitrarily without defined criteria.
The phenolic test solution used in the experiment consisted of gallic acid (0.5 mg/mL), pyrocatechol (0.5 mg/mL), 4-hydroxyl benzoic acid (0.2 mg/mL), guaiacol (1 mg/mL), syringic acid (0.1 mg/mL), and vanillin (0.2 mg/mL).
The interfering compound solutions were combined separately with equal volumes of phenolic test solutions and analyzed for the interference study.
Determination of Phenolics by F-C Method
The phenolics of test and standard solutions were measured spectrophotometrically according to the F-C method [32] . In brief, 0.1 mL of sample/standard solution was mixed well with 5 mL of reagent A (1:10 v/v of F-C reagent and deionized water) and 3.5 mL of reagent B (11.5 %, w/v aqueous sodium carbonate) in a test tube, and incubated for 1 hour at 40˚C in a water bath. The absorption spectra of the blue colored solution generated in the process was measured from 600 to 800 nm using Shimadzu UV-VIS 3600.
Determination of Phenolic Content in Alkali Pretreated
Biomass Extract
Pelleted and unpelleted wheat straw, big bluestem, sorghum stalk, and corn stover biomass samples were used in the experiments. As shown in Figure 2 , both pelleted and unpelleted biomass samples were alkali pretreated by mixing 10 g of ground biomass (size < 1 mm) with 100 mL of 1% (w/v) aqueous alkali, and autoclaved at 121˚C for 30 min, followed by filtration of biomass slurry [33] .
The filtrate contained various amount of biomass lignin-derived phenolic compounds among others depending on the biomass types and processing methods.
The filtrate was used to determine its phenolic contents using the F-C reagent, and compared the phenolic content in these biomass extracts of pelleted and unpelleted samples. The solid residues were used for enzymatic hydrolysis for a separate study. 
Results and Discussion

Comparison of Single and Mixed Phenolic Standards
Regression equations (shown in Figure 3 revealed that five phenolic compounds standards gave the least percent error followed by gallic acid. The percent error obtained from other standards were considerably higher (>20%); the highest deviation on the results was obtained in chlorogenic acid (single compound standard) and the mixed standards containing seven and higher phenolic compounds.
Among single phenolic standards, the calibration curve using gallic acid gave a more accurate estimation of phenolics of three test solutions compared to other single phenolic standards. The gallic acid contains three phenolic hydroxyl groups whereas other single phenolic standards (vanillic acid, chlorogenic acid, ferulic acid, and catechol) contain either one or two phenolic hydroxyl groups. A comprehensive study is needed to elucidate why the gallic acid with three phenolic hydroxyl groups is a better standard than other phenolics with one or two phenolic hydroxyl groups. In addition, the presence of other functional groups such as ether, aldehyde, C=C bonds, carboxylic and non-phenolic hydroxyl groups may also play major roles in phenolic and F-C reagent interaction leading to the generation of different calibrations curves.
The reason to choose mixed phenolic compounds as standards is based on the hypothesis that different phenolic compounds have different interaction affinity with F-C reagent and hence different colorimetric absorption values. The stan- 
Study of Different Interfering Compounds in Phenolic Measurement by F-C Method
Compounds such as sugars (glucose, xylose), furan compounds (Furfural, HMF), amino acids (tyrosine, leucine), peptone (trypton), organic acids (acetic acid, formic aid), and vitamins (ascorbic acid, vitamin B-12) were separately mixed with a phenolic test solution containing six different phenolic compounds and their interference effect was determined. The phenolic content of the test solution was also determined using the aforementioned regression equations for further revalidation of optimal standards, and was found that only standards of gallic acid and five phenolic compounds calculated concentrations close to the true concentration of the test solution with percent error of 9.8 and 9.2%, respectively (data not shown). This further illustrated that gallic acid and five phenolic compounds were better standards for phenolic determination when compared to other individual and mixed phenolic standards. The UV absorptions of phenolic test solutions with and without the addition of interfering compounds measured from 600 to 800 nm wavelength are shown in Figure 4 . The results showed that phenolic solutions containing glucose, furfural or HMF have no significant difference in absorption intensities compared to the control (test solution with only phenolics), indicating that these compounds are not reducing agent, and hence did not interfere in the determination of phenolic compounds. Maximum absorption peak of phenolic solution with xylose, formic acid, and acetic acid, were 7%, 9%, and 13% less, respectively, than control solution. Out of two sugars (glucose and xylose) used in this study, only xylose significantly interfered the adsorption despite the xylose concentration (10 mg/ml) was half that of the glucose (20 mg/mL). Further study is needed to investigate why xylose (pentose sugar) is behaving as a stronger reducing agent than glucose (hexose sugar). Out of two organic acids, acetic acid concentration as acetate ion in the phenolic solution was three times more than formate ion, but the reduction in absorbance by acetic acid was only 1.4 times more than formic acid. This indicated that formic acid being a strong reducing agent strongly interacts with the F-C reagents compared to acetic acid which is a Figure 4 . Measurement of absorbance of phenolic test solution mixed with equal volume of individual interfering compounds. Phenolic test solution (TS) = solution containing 7 different phenolic compounds. The concentration of Acetic acid, formic acid, xylose, and glucose in the test solutions were 1.5, 0.025, 10, 20 mg/mL, respectively. The concentration of the test solution was 1.25 mg/mL. All the UV-VIS spectra were taken after 10 times dilution of the test solution. The absorbance of Test solution (TS) alone and the test solution with glucose interferent compound had the same values and hence to make the graph celarly readable, the TS data was not included in the graph. The plot of glucose with test solution is also considered as the plot for the test solution alone. weak reducing agent. Carbon dioxide is formed during the redox reaction of formate ion and F-C reagent as shown in the following equation [35] . Figure 5 shows that the maximum absorptions of phenolic solution with tyrosine and ascorbic acid were 21% and 33% more than control solution (test solution only with phenolics), whereas no significant difference in absorptions was observed for tryptone and vitamin-B12 compared to control. It was also found that leucine and isoleucine did not interfere the phenolic determination (data not shown). It was reported that two amino acids, tyrosine and tryptophan, strongly interfered the phenolic determination [36] . Tryptone was studied to assess the interference effects of protein and peptides [37] ; tryptone is a peptone from enzymatic digest of casein, composed of 18 types of amino acids as shown in Figure  1 . Our results also confirmed the interference effect of tyrosine. Tryptone con tains both tyrosine (1.3%) and tryptophan (1%); however, no significant interference effect in phenolic determination was observed, which might be due to the low percentage composition of these interfering amino acids, indicating that a The UV-VIS absorption spectra (Figure 6 ) of F-C reagent combined individually with ascorbic acid, vitamin B12, trypton, and tyrosine without any phenolic compounds further indicated that ascorbic acid and tyrosine strongly reacted with the reagents, whereas insignificant interaction was observed with vitamin-B12 and trypton. This observation also validates the above results that ascorbic acid and tyrosine are strong interference compounds, but not vitamin-B12 and trypton.
The study further indicated that there are two types of interference com- Figure 6 . UV-VIS absorption spectra of interferents treated with F-C reagent. The concentration of each interferents was 0.5 mg/mL. All the UV-VIS spectra were taken without further dilution of the test solution.
pounds. The compounds, such as organic acids, decrease the absorption intensity of phenolic compounds by interfering with the electron donating capacity of the phenolics. The second type of compounds, such as ascorbic acid and tyrosine, react with the F-C reagent and absorb UV-VIS radiation in the same wavelength regions of phenolic analytes and give misleading enhanced absorption of analyte.
Phenolic Content in Alkali Pretreated Biomass Extract
In our previous study, we evaluated and compared the feedstock quality of pelleted and unpelleted biomass for bioethanol production and found that pelleting process improve the pretreatment and hydrolysis efficiency to release sugars from different biomass samples, including corn stover, big bluestem, wheat straw, and sorghum stalk [31] . In this study, the effect of biomass pelleting on the phenolic content of alkali pretreated biomass extract was evaluated. It was hypothesized that the alkali pretreated pelleted biomass extract will have higher phenolics than unpelleted biomass extract. The basis for the hypothesis was that the pelleting process partially deconstructed the biomass leading to better delignification during alkali pretreatment in pelleted biomass compared with unpelleted biomass. The aforementioned regression equation of five phenolic compounds (Table 1 ) was used to calculate the concentration of phenolic compounds in each sample. Figure 7 shows that phenolic compounds present in the biomass extract were statistically equal at 95% confidence level in pelleted and unpelleted samples for all biomass types. However, the phenolic content among different types of biomass were significantly different from each other. Pretreatment extract of corn stover and sorghum stalks had relatively higher phenolics content than wheat straw and big bluestem. This results indicated that pelleting process did not affect the generation of phenolics during alkali pretreatment of biomass, which was in contrary to our hypothesis.
Conclusion
Our study indicated that selection of suitable standard leads to more accurate estimation of phenolics. Mixed phenolic standards are another option for the optimal determination of phenolics. Gallic acid was found to be the best standard among the single phenolic standards used in this study. Among the mixed standards, five phenolics standards consisting of vanillic acid, catechol, gallic acid, guaiacol, and vanillin in equal amounts estimated phenolics more accurately than other tested mixed phenolic standards. The interference study indicated that glucose, HMF, furfural, and vitamin B-12 did not interfere in phenolic estimation whereas ascorbic acid, tyrosine, formic acid, and acetic acid strongly interfered. A commonly acceptable optimal standard establishment is warranted for total phenolics analysis, so that results can be compared rationally by all the researchers. The optimal standards with five phenolics used for the determination of phenolics in alkali pretreated biomass extract indicated that biomass pelleting did not affect the generation of phenolics during alkali pretreatment. Figure 7 . Comparison of phenolic contents of alkali pretreated extract of pelleted and unpelleted biomass samples. The biomass extract was the filtrate of pretreated biomass slurry. Biomass pretreatment was carried out by mixing 10 g ground biomass (size < 1 mm) and 100 mL of 1% (w/v) sodium hydroxide solution in 500 ML Erlenmeyer flask followed by autoclaving at 121˚C for 30 minutes.
